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ABSTRACT: The second generation of gravitational wave detectors will aim at improving by an order of magnitude 
their sensitivity versus the present ones (LIGO and VIRGO). These detectors are based on long-baseline Michelson 
interferometer with high finesse Fabry-Perot cavity in the arms and have strong requirements on the mirrors quality. 
These large low-loss mirrors (340 mm in diameter, 200 mm thick) must have a near perfect flatness. The coating process 
shall not add surface figure Zernike terms higher than second order with amplitude >0.5 nm over the central 160 mm 
diameter. The limits for absorption and scattering losses are respectively 0.5 and 5 ppm.  For each cavity the maximum 
loss budget due to the surface figure error should be smaller than 50 ppm. Moreover the transmission matching between 
the two inputs mirrors must be better than 99%.  
We describe the different configurations that were explored in order to respect all these requirements. Coatings are done 
using IBS. 
The two first configurations based on a single rotation motion combined or not with uniformity masks allow to obtain 
coating thickness uniformity around 0.2 % rms on 160 mm diameter. But this is not sufficient to meet all the 
specifications. 
A planetary motion completed by masking technique has been studied. With simulated values the loss cavity is below 20 
ppm, better than the requirements. First experimental results obtained with the planetary system will be presented.  
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I Introduction 
Ion beam sputtering (IBS) is well known as the unique 
technology able to reduce optical losses at ppm level 
[1]. Low losses optics with very high reflection value 
(R>99.999%) were obtained by multilayer dielectric 
coating based on a stack of alternate tantala (Ta2O5) 
layers and silica layers. A large coating chamber (2.2 * 
2.2 * 2 m3) (Fig 1) using IBS have been built by the 
Laboratoire des Matériaux Avancés (LMA) to coat  
large low-loss optics (350 mm diameter, 100 mm thick, 
20 kg) for the VIRGO gravitational wave detector [2].  
This detector [3] operating at wavelength of 1064 nm is 
based on long-baseline Michelson interferometer with  
high finesse Fabry-Perot cavity in the arms. The most 
stringent specifications for the high reflective optics of 
the Fabry-Perot cavity (called Input Test Mass and End 
Test Mass) were the optical losses. The requirements 
have been finally exceeded with absorptions measured 
at 1 ppm at 1064 nm and scattering losses around 5 ppm 
[4]. These optics have been installed in the detector 
which has been exploited for several years up to 2011. 
Even if the sensitivity of the detector has reached the 
scheduled value [5]  the accumulated data allowed only 
fixing upper limit for several gravitational wave 
sources, not to discover them. So a second generation of 
detectors called Advanced VIRGO [6] and Advanced 
LIGO [7] is under construction to improve the 
sensitivity by an order of magnitude.  
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Figure 1: The large Ion Beam Sputtering coater 
Limitations of Advanced VIRGO sensitivity come from 
different origins with frequency dependence (Fig 2). At 
low frequency the suspension thermal noise is the 
largest contribution for the limitation. Between 50 and 
300 Hz the thermal noise induced by the coating is 
dominant. Tantalum pentoxide (Ta2O5) traditionally 
used as high index material in the multilayer stack is the 
major contributor to the coating brownian noise [8]. To 
reach the requirements Ta2O5 will be replaced by 
Titanium doped Tantalum pentoxide (Ti:Ta2O5) with 
mechanical losses reduce by a factor 2. Moreover the 
stack will be optimized to reduce the amount of the 
high index material [9]. At high frequency the quantum 
noise is dominant. To gain a factor 10 in sensitivity the 
solution is to introduce more power in the Fabry-Perot 
cavities (125 W instead of 17 W for VIRGO+) and 
increase the arm cavity Finesse (443 vs 150 in VIRGO 
+) but these changes increase the radiation pressure at 
low frequency. The use of heavier optics (40 kg vs 20 
kg) will help to limiting this effect. 
 
 
Figure 2: Advanced VIRGO sensitivity  
The benefit of higher cavity finesses is limited by the 
round-trip optical losses (RTL) in the arm. So the 
specifications have been set to 75 ppm for these losses 
which are due to the absorption in the multilayer 
coatings, the surface micro-roughness, the transmission 
of the end mirror and the small angle scattering. With 
25 ppm budgeted for the three first sources of losses, 
the RTL due to the surface figure error should be 
smaller than 50 ppm. Simulations have set 0.5 nm rms 
for the flatness of the mirror on the central area Ø160 
mm. Finally on the central 160 mm diameter the 
coating process shall not change the substrate sagitta by 
more than 8 nm and not add surface figure Zernike 
terms higher than second order with amplitude >0.5 nm. 
The limits for absorption and scattering losses are 
respectively 0.5 and 5 ppm. Moreover, in order to 
minimize the interferometer contrast defect, the 
transmission matching between the two input mirrors 
must be better than 1 % : 2(T1 – T2) / (T1 + T2) < 0.01 
% with 0.013 %<T<0.015 %). 
In this paper we will describe the different techniques 
which have been tested in order to coat the new 
generation of optics with sub-nanometer flatness for 
gravitational wave detectors. The two first 
configurations were based on a single rotation motion 
for the substrate combined or not with an uniformity 
mask while the third configuration uses a planetary 
motion system. 
 
II The twin mirrors: 
The first approach was an up-grade of the solution used 
for the coating of the optics of VIRGO+ [10]. In this 
solution two optics were coated simultaneously in the 
same batch in our large IBS coater chamber. The optics 
were positioned on a diameter around the axis of 
rotation of the substrate holder. Uniformity was 
obtained by traditional masking technique: a mask was 
placed between the deposition target and the rotating 
substrate. Due to the difference of the shape of the 
sputtered particles (the plume) it was necessary to use 
two masks: one for the silica layers and a second for the 
titanium doped tantalum pentoxide layers. We started 
the study with the masks used for VIRGO+. Because of 
the substrate thickness increase (200 mm instead of 100 
mm) the substrate holder was modified to keep the 
same distance between the targets, the masks and the 
coated surface. With the glass slides used previously for 
VIRGO+ the sensitivity of the thickness measurement 
is limited at 0.3 %. For this new uniformity study we 
used silica substrates (25.4 mm diameter, 6 mm thick) 
positioned in the coated plan on fake metallic 
substrates. The samples were aligned along diameter of 
the fake substrate (Fig. 3).  
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Fig 3: Twin mirrors configuration 
 
The coating thickness measurement method is based on 
spectrophotometric analysis. Transmission was 
measured at the center of each sample with a 
spectrophotometer (Lambda 1050- Perkin Elmer) 
between 400 and 1400 nm. The thickness was estimated 
by fitting the transmission curve with dedicated 
software like TFCalc [11] or Optical Constant [12]. For 
Ti:Ta2O5 the analysis was made on a 500 nm thick 
layer. For the silica layers it was not possible to study 
directly a single layer deposited on silica substrates as 
there is no index contrast then no variation in 
transmission versus the wavelength. We obtain a large 
variation in transmission with a doublet composed of 56 
nm of Ti:Ta2O5 plus 720 nm of silica. With this stack 
the variation of the transmission curve is not modified 
by a variation of Ti:Ta2O5 thickness less than 3 % 
which it is verified in our case.  
The details of the thickness measurement based on 
spectrophotometric measurement and calculation of the 
mask  has been explained in details in a previous paper 
[13].   
Finally with a better sensitivity (0.15%) on the 
thickness measurement we optimized the shape of the 
masks and we obtained uniformity of 0.3 % in the 
central region (Ø 160 mm). In this configuration two 
real substrates (Ø 340 mm, 200 mm thick) were coated 
with a High Reflective stack (2,8 µm) for the Input Test 
Mass of Advanced LIGO (HR ITM). The uniformity of 
the coating has been estimated by subtraction of the 
wavefront before and after coating (Fig 4). Even if the 
uniformity and sagitta were close to the requirements, 
the shape with a linear valley through the center and 
without cylindrical symmetry resulted in high Zernike 
coefficients (2.26 nm for Z40 for example) out of 
specifications.  
 
Fig 4: ETM 02- Coating uniformity- (subtraction of the mirror 
wavefront after and before coating) on Ø 150 mm 
 
This result led us to test other configurations with 
revolution motion around the center of the substrate. 
 
III The single rotation configuration: 
In this configuration the center of the substrate has been 
fixed concentrically with the axis of rotation of the 
substrate holder: the motion was just a single rotation 
around the center of the substrate. We have adjusted the 
position of the targets in order to optimize the 
uniformity. As for the twin mirrors, the coating 
thickness was measured with the spectrophotometer on 
7 samples placed on the diameter. In this case due to the 
motion, we should find symmetric uniformity around 
the center of the substrate. But when the coating 
thickness uniformity becomes better than 0.25 % we 
found dubious asymmetry which did not allow us to 
progress. 
Finally we have used a large thin silica disk (Ø 310 
mm, 6 mm thick) fixed on the fake metallic substrate. 
The thickness was measured along a diameter with a 
step of 10 mm. With these plates, by optimization of the 
target positions, we have obtained more symmetrical 
uniformities. On the central 160 mm the uniformity was 
0.2 % for Ti:Ta2O5 layers (Position c) and silica 
(Position B)  (Fig. 6 & 7).  
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Fig 6- Ti:Ta2O5 Uniformity on Ø 280 mm 
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Fig 7- SiO2 Uniformity on Ø 280 mm 
 
With the optimized positions we coated a HR ITM 
stack on one thin plate. We measured on one diameter 
every 10 mm the transmission spectrum. For each point 
we calculated the wavelength reference λc (middle of 
the Full Width Height Maximum-FWHM). The 
thickness uniformity was directly deduced from the 
variation of λc (Fig 8). On the central 160 mm we 
obtained around 0.15 % of uniformity corresponding to 
about 4 nm PV. 
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  Fig 8- HR ITM Uniformity on Ø 280 mm 
 
We decided to coat consecutively two real substrates (Ø 
340 mm, 200 mm thick) for Advanced LIGO. The 
results are quite similar for both mirrors: absorption 
(0.3 ppm) and scattering (5 ppm) on the central Ø 160 
mm area respected the specifications.  Transmissions 
are respectively 1.412 and 1.415% then the 
transmission matching (0.002) is better than the 0.01 
requested. After coating and annealing, the measured 
flatness (Fig. 9) on the 160 mm central area is 0.3 nm 
rms (2.3 nm PV). The Zernike coefficients issued from 
the wavefront measurement were all in the 
specifications (<0.5 nm).  
 
Fig 9 – ITM N°4-Wavefront measurement on Ø 160mm  
 
We also coated two HR ETM stack on scale 1 substrate. 
If the absorption and scattering losses are on the same 
level than the ITM, the wavefront was different (fig. 10) 
due to the doubled thickness versus the ITM stack. The 
flatness was 0.76 nm rms and the primary spherical 
aberration was out of specifications (1.3 nm). 
 
 
Fig 10- ETM N°3- Wavefront measurement on Ø 160 
mm  
Wavefront measurements have been used to simulate 
round trip losses in Fabry-Perot cavities. We obtained 
60 ppm for one couple ITM-ETM and 46 ppm for the 
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ETM alone. These values are slightly higher than the 
requirements. 
With the single rotation we are able to coat the Input 
Test Mass in respect to the specifications for the 
Advanced Gravitational Wave detectors but the flatness 
is not enough for the End Test Mass with thicker 
coatings. 
 
IV The planetary system: 
Planetary system are regularly used in coating chambers 
for planarize [14] [15]. In our case it is necessary to 
coat two large heavy substrates (Ø 350 mm, 200 mm 
thick, 40 kg) in the same batch. We have planned to 
modify the twin mirrors configuration. The axis of 
rotation used for the twin mirrors gives the motion of 
the whole substrate holder (Ws) and for each substrate 
we added a second rotation (Wp) around their center 
with gears (Fig. 11). The ratio of the gears leads 
 
 
Fig 11– Planetary system with fake metallic  
substrate and thin plate 
to a period of 930 seconds. With these parameters we 
could simulate the thickness achievable with this 
planetary motion coupled with the best masks used in 
the twin mirrors configuration. The simulations are 
based on the real plume profiles issued from deposition 
made on aluminium plates (Fig. 12). We used a 
classical method to extract the profile [14]. The analysis 
of the photograph of the interference patterns allowed 
us to reconstruct the plume profile with a model based 
on Gaussian functions with adjusted parameters. By 
calculating the cycloidal trajectory of each point of the 
substrate through the plume profile we were able to 
calculate the thickness deposited.  Finally we were able 
to simulate the uniformity for the HR ITM and HR 
ETM stacks (Fig. 13 & 14).  
 
Fig. 12- Aluminium plate with a static deposition of silica 
 
 
Fig. 13 – HR ITM- Left: Uniformity on 160 mm- Right: 
Transmission on 160 mm 
 
Fig. 14 – HR ETM -Left: Uniformity on 160 mm- Right: 
Transmission on 160 mm 
For both stacks Sagitta and Zernike coefficients 
respected the requirements. The RTL simulated with 
these maps are less than the specified 50 ppm (Table 1). 
 ITM ETM ITM+ETM 
Sagitta (nm) 1.4 2.4  
RTL aVIRGO (ppm) 8 16 15 
RTL aLIGO (ppm) 3 26 28 
Table 1- RTL simulated with planetary motion 
The planetary system has been installed in our large 
coating chamber and first tests have been made with the 
masks used for the twin mirrors. As previously 
thicknesses were measured by spectrophotometric 
analysis on large thin plates. Thickness uniformity on 
Ti:Ta2O5 and silica  were around 1 % on 300 mm and 
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0.4 % in the central 160 mm. New masks were 
calculated and preliminary results are promising with 
uniformity around 0.15 % in the central 160 mm and 
0.4 % on 300 mm.  
 
With these masks we have coated HR ITM and HR 
ETM stack. If all the parameters were acceptable for the 
ITM, some Zernike coefficients and RTL were too high 
for the ETM. New iterations for the mask are in 
progress. 
 
V Conclusion: 
The second generation of gravitational waves detectors 
is under construction. One of the key points for the gain 
of one order of magnitude in sensitivity is the flatness 
of the large mirrors (Ø 350 mm, 200 mm thick, 40 kg) 
forming Fabry-Perot cavities which are located in the 
arms of the Michelson interferometer. Sub-nanometer 
flatness is required on the central 160 mm area for both 
HR ITM and HR ETM coatings. The coating process 
shall not change the substrate sagitta by more than 8 nm 
and not add surface figure Zernike terms higher than 
second order with amplitude >0.5 nm. Three 
configurations have been studied for the motion of the 
substrate. If the twin mirrors configuration has allowed 
reaching good flatness the lack of symmetry around the 
center of the substrate is unacceptable to reach the 
specifications of the Zernike coefficients. With a single 
rotation motion and adjustments of the targets 
parameters we reached the requirements for the thinner 
HR ITM stack (3 µm) and the first real ITM mirrors 
were delivered for Advanced LIGO. The thickness of 
the HR ETM stack (6 µm) leads to too high Zernike 
coefficients. As the simulations of the planetary motion 
have given results in the specifications for all the 
parameters we installed this system in our large coating 
chamber. First experimental results are promising and 
we have already reached the requirements for the ITM 
mirrors. New iterations are needed for the thicker HR 
ETM stack. 
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